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AssessmentImportant scientiﬁc advances have been made over the last decade in identifying the environmental fate of
mercury and the processes that control its cycling in the Canadian Arctic. This special issue includes a series of
six detailed reviews that summarize the main ﬁndings of a scientiﬁc assessment undertaken by the Government
of Canada's Northern Contaminants Program. It was the ﬁrst assessment to focus exclusively on mercury pollution
in the Canadian Arctic. Key ﬁndings, as detailed in the reviews, relate to sources and long-range transport of
mercury to the Canadian Arctic, its cycling within marine, freshwater, and terrestrial environments, and its bioac-
cumulation in, and effects on, the biota that live there. While these accomplishments are signiﬁcant, the complex
nature of the mercury cycle continues to provide challenges in characterizing and quantifying the relationships of
mercury sources and transport processes with mercury levels in biota and biological effects of mercury exposure.
Of particular concern are large uncertainties in our understanding of the processes that are contributing
to increasing mercury concentrations in some Arctic ﬁsh and wildlife. Speciﬁc recommendations are provided
for future research and monitoring of the environmental impacts of anthropogenic mercury emissions, inﬂu-
ences of climate change, and the effectiveness of mitigation strategies for mercury in the Canadian Arctic.1 61
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Mercury is at the forefront of research and monitoring of heavy
metal pollution in the circumpolar Arctic (AMAP, 2011; NCP, 2012).
The discovery of atmospheric mercury depletion events (AMDEs) in
the mid-1990s (Schroeder et al., 1998) and the potential for enhanced
atmospheric deposition of mercury each polar spring stimulated ex-
tensive research on the transport and fate of this metal in the Arctic
environment. The 2002 international scientiﬁc assessment of heavy3 998 0458.
. This is an open access article umetal pollution under the Arctic Council's Arctic Monitoring and Assess-
ment Program (AMAP) identiﬁed mercury, in particular, as a pressing
concern (AMAP, 2005). Levels in some Arctic biota were elevated and
therewas little evidence of decline in environmental levels despite signif-
icant emission reductions in Europe and North America at the end of the
20th century (AMAP, 2005). This conclusion was also supported by
scientiﬁc assessment under the Government of Canada's Northern
Contaminants Program (NCP) (NCP, 2003). Since then, a large body
of literature has been generated on Arctic mercury science.
In 2012, a state-of-the-science report—the Canadian Arctic Contami-
nants Assessment Report III: Mercury in Canada's North—was released
by theNCP. It summarized the progressmade towards our understandingnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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decade, identiﬁed knowledge gaps, and made recommendations for
future research (NCP, 2012). The review papers contained in this special
issue on Mercury in Canada's North are based on the ﬁndings of that
assessment updated with more recent data.
Much new information is available on the sources and long-range
transport of mercury to the Canadian Arctic, its cycling within marine,
freshwater and terrestrial environments, and its bioaccumulation in
and effects on the biota that live there. There is also emerging science
on the complex ways in which climate change is affecting mercury
cycling in the Arctic. The synthesis of ﬁndings on Arctic mercury science
is intended to inform researchers, policy makers, environmental
managers, northerners and other relevant stakeholders.
2. Mercury in the atmosphere
Research and monitoring of atmospheric mercury have improved
our understanding of this key transport pathway to and within the
Canadian Arctic (Steffan et al., 2015; Dastoor et al., 2015). The chemical
processes resulting in enhanced deposition of mercury during the
spring-time phenomenon of atmospheric mercury depletion events
(AMDEs) have been better characterized. More ﬁeld measurements on
the speciation of atmosphericmercury duringAMDEs are nowavailable,
which indicates that the oxidation of gaseous elemental mercury in the
atmosphere is accompanied by large increases in reactive gaseous mer-
cury and particulate mercury concentrations. The timing of AMDEs at
the High Arctic monitoring station at Alert has changed over the last
two decades, with the month of maximum AMDE activity shifting
fromMay to April. The reason for the shift in timing of depletion events
is not yet understood. Air mercury concentrations declined between
2000 and 2009 at both Alert in the High Arctic and Kuujjuarapik in the
sub-Arctic. The rate of decline at Kuujjuarapik was comparable to non-
Arctic monitoring sites at lower latitudes while a slower rate of decline
was observed at Alert. Model simulations suggest that long-range atmo-
spheric transport from Asia likely contributes the most mercury (from
anthropogenic, natural and re-emission sources) to both the High Arctic
and sub-Arctic, followed by contributions from North America and
Europe.
Considerable uncertainty remains in the quantiﬁcation of atmospher-
ic mercury contributions to Arctic ecosystems. Direct measurements of
wet and dry deposition in the Canadian Arctic are extremely limited, in
part due to technical challenges, and more research using a variety of
methodological approaches is essential to resolve this knowledge gap.
This will be particularly important for assessing the effectiveness of con-
trols on global emissions, which could rapidly affect the atmospheric
mercury ﬂux to Arctic ecosystems. Better characterization of geographic
variation in atmosphericmercury is alsowarranted, particularly over the
Arctic Ocean, to determine the inﬂuence of unique marine conditions on
deposition.
3. Biogeochemical cycling of mercury
Some of the most signiﬁcant advances in Arctic mercury science
have been made in the area of biogeochemical cycling (Braune et al.,
2015; Chételat et al., 2015; Gamberg et al., 2015). Large amounts of
newdata are nowavailable forwater, snow, ice and sediment, providing
more information on the concentrations, ﬂuxes and transformations of
inorganic and organic mercury in these abiotic matrices. This informa-
tion was virtually absent for the Canadian Arctic a decade ago.
Much research effort has focused on mercury cycling in the
cryosphere, particularly snow–air exchanges, transformations in the
snowpack, and mercury transport by snowmelt. Snow mercury concen-
trations indicate that much of the mercury deposited during AMDEs is
quickly reduced and emitted to the atmosphere. The level of
evasion from the snowpack is dependent on proximity to the ocean be-
cause halogen compounds from the marine environment promote thestabilization and accumulation of mercury in snowpack (e.g., see Mann
et al., 2015). Areal loads of mercury in snow were estimated for Hudson
Bay and the Arctic Archipelago, which suggests that snowmelt likely con-
stitutes a small ﬂux of mercury to Arctic marine waters during spring. In
contrast, snowmelt can be an important source of mercury to freshwater
ecosystems in the High Arctic.
The ﬁrst measurements of methylation rates in Arctic seawater indi-
cate that the water column of the Arctic Ocean is an important site for
the methylation of inorganic mercury to form methylmercury (Braune
et al., 2015). Production of dimethylmercury also occurs in thewater col-
umn, and the breakdown of dimethylmercury inwater or in the air (after
evasion)maybe another source ofmethylmercury available for biological
uptake. Arcticmarinewaterswere found to be a substantial source of gas-
eousmercury to the atmosphere during the ice-free season.Microbial or-
ganisms and photochemical processes are key drivers of mercury cycling
in the Arctic.
In spite of this progress, information remains limited on the methyla-
tion, oxidation and reduction of inorganic mercury in marine, freshwater
and terrestrial environments in the Canadian Arctic. Further research is
needed on mercury biogeochemical processes to develop a quantitative
and mechanistic understanding of abiotic and microbially-driven
mercury ﬂuxes between air and various surfaces (soil, water, snow
and vegetation), and to better understand the processes regulating
methylmercury entry into Arctic food webs.4. Monitoring of Arctic biota
Over the last two to four decades, mercury concentrations have
increased in some marine and freshwater animals, particularly in
Arctic-breeding seabirds (Braune et al., 2015), sea-run char (Evans
et al., in this issue) and some freshwater ﬁsh species from the Mac-
kenzie River Basin (Chételat et al., 2015). Other monitored popula-
tions, including caribou, beluga, ringed seal, and freshwater ﬁsh from
other Arctic regions showed no change or a slight decline inmercury con-
centrations (Braune et al., 2015; Chételat et al., 2015; Gamberg et al.,
2015). More frequent (annual) monitoring of key Arctic biota, which
was initiated by the Northern Contaminants Program in 2005, has result-
ed in more powerful datasets and a better ability to detect changes in bi-
oticmercury levels. The differentmercury trends reported for Arctic biota
indicate that the drivers of temporal change may be regional or habitat-
speciﬁc.
Marine biota exhibit considerable geographic variation in mercury
concentrations across the Canadian Arctic (Braune et al., 2015). The
Beaufort Sea remains an area of highermercury contamination for belu-
ga, ringed seals and polar bears compared to other Arctic regions. Hab-
itat use and foodweb structure factor intomercury levels in Beaufort Sea
beluga,which varywithin the population according to size and sex segre-
gation. Elevated concentrations in polar bears from the Beaufort Sea rela-
tive to Hudson Bay are related to the higher trophic level of bears in the
Beaufort Sea area and higher water concentrations of methylmer-
cury available for entry into the food web. Latitudinal trends have
also been observed for ringed seals and seabirds, with greater con-
centrations in the High Arctic than at sub-Arctic sites.
While strong evidence exists for variable patterns of mercury bioac-
cumulation both regionally and temporallywithin theArctic, thedrivers
of the observed trends in ﬁsh and wildlife remain unclear. Further
research is required to identify the underlying processes leading to tem-
poral changes in biotic mercury concentrations at sites where increases
have been observed. Multiple factors may be implicated and need to be
assessed, including the roles of mercury delivery processes (e.g., atmo-
spheric deposition, mercury methylation), shifts in food web structure,
and climate change. Geographic patterns of mercury bioaccumulation
in marine biota deserve further investigation given that certain factors
may increase the vulnerability of biota to mercury exposure in some
Arctic regions.
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The Arctic environment is experiencing profound and rapid climate
change. Emerging evidence indicates that this environmental change is
altering the cycling and bioaccumulation of mercury through effects on
mercury ﬂuxes and food web structure (Braune et al., 2015; Chételat
et al., 2015). Recent increases in algal primary production and catch-
ment inputs may be enhancing mercury ﬂuxes to Arctic lakes. In the
western Canadian Arctic, the inﬂux of soil from slumping permafrost
is altering sedimentation rates and sediment characteristics in small
lakes. Climate warming may be mobilizing mercury and leading to in-
creased exposure of ﬁsh in the Mackenzie River, where a nearly two-
fold increase in mercury concentration has occurred in burbot since
1985. Climate change also appears to be affecting the structure of food
webs in certain regions resulting in dietary shifts and changes inmercury
bioaccumulation for some marine biota such as thick-billed murres and
ringed seals. However, large uncertainties remain in this emerging and
complex science. Many interconnected environmental changes are oc-
curring in the Arctic, and detailed, process-focused investigations are
needed to more precisely identify how these changes will alter the fate
of mercury. Numerous aspects of the mercury cycle may be impacted in-
cluding howmercury is delivered to Arctic ecosystems, its biogeochemi-
cal transformations and its trophic transfer in food webs.
6. Biological effects
Recent investigations on the effects of methylmercury exposure,
speciﬁcally for Arctic wildlife, have focused on adverse reproductive
effects in seabirds, neurotoxicity in marine mammals, immunotoxicity
in beluga, and the role of selenium in mercury detoxiﬁcation
(Scheuhammer et al., 2015). A laboratory egg injection study revealed
that developing embryos of seabirds show species-speciﬁc sensitivity
to methylmercury exposure at environmentally relevant levels. An
evaluation of mercury levels and speciation in brain of beluga and
polar bears suggests that methylmercury exposure at current environ-
mental levels may affect brain neurochemical receptors in these Arctic
top predators (Krey et al., 2015). Selenium is known to play an impor-
tant role in sequestering and detoxifying mercury, and the formation
of relatively inert mercury-selenium compounds may reduce the risk
of mercury toxicity. The amount of selenium present relative to mercu-
ry in tissues of polar bears and belugawhales is variable,which suggests
that the protective effect of selenium against methylmercury toxicity
may differ among species. Research on effects of mercury exposure on
gene expression and immunotoxicity holds promise for providing new
tools to better understand the toxicological effects of mercury in Arctic
beluga. In general, Arctic biota have mercury concentrations that are
below threshold levels of potential concern (derived from laboratory
and ﬁeld studies for non-Arctic species), although concentrations
above threshold levels have been observed for some freshwater ﬁsh
populations, Greenland shark, and some seabird species.
There is currently insufﬁcient information to adequately assess the
effects of mercury exposure speciﬁcally for Arctic wildlife species, and
further research should determine if and to what extent mercury expo-
sure, combined with other stressors such as climate change, is affecting
populations of Arctic ﬁsh, seabirds and marine mammals.
7. Recommendations for future research
While the scientiﬁc accomplishments over the last decade are signif-
icant, the complex nature of the mercury cycle continues to providechallenges in characterizing and quantifying the relationships ofmercury
sources and transport processes with mercury levels in biota and
biological effects of mercury exposure. The gaps in our knowledge of
how global anthropogenic emissions of mercury are delivered to and
accumulate in Arctic environments have implications for policy develop-
ment related to risk management of mercury. Of particular concern are
large uncertainties in our understanding of the processes that are
contributing to increasing mercury concentrations in some Arctic ﬁsh
and wildlife. In order to better support national and global actions
under the Minamata Convention on Mercury (United Nations Environ-
ment Programme), and manage current mercury related risks, several
science recommendations have been put forward to improve our un-
derstanding ofmercury in the Arctic. The key science recommendations
are:
• Continue research and monitoring of atmospheric mercury, with an
enhanced focus on deposition measurements to facilitate quantiﬁca-
tion of atmospheric contributions of mercury to Arctic ecosystems.
• Continue temporal trend monitoring of mercury in Arctic biota, and
identify the processes that are inﬂuencing mercury concentrations
in some species.
• Further characterize the key processes acting on mercury after atmo-
spheric deposition and their effects on the fate ofmercury in the Arctic
environment.
• Better characterize the processes that link climate changewithmercury
transport, cycling and bioaccumulation.
• Increase efforts to determine the biological effects of methylmercury
exposure on Arctic ﬁsh and wildlife.
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